INTRODUCTION
On March 11, 2011, a great earthquake of magnitude 9.0 occurred near the east coast of Honshu, Japan, and was followed by a large tsunami. The disasters caused damage to the Fukushima Dai-ichi nuclear power plant (FDNPP), resulting in the release of radionuclides into atmosphere and ocean. Chino et al. (2011) applied a reverse estimation method by coupling environmental monitoring data with atmospheric dispersion simulations to calculate release rates of 131 I and 137 Cs into the atmosphere. They reported that before March 14, 2011, the release rates of 10 13 -10 14 Bq h -1 of 131 I probably correspond to the wetwell venting as well as the hydrogen explosions at FDNPP Units 1 and 3. A significant increase to 10 16 Bq h -1 of 131 I on March 15 was probably caused by the damage of the suppression chamber of Unit 2. From March 16 to 24, the release rate of 131 I was on the order of 10 14 Bq h -1 and after March 25, declined to the order of 10 11 -10 12 Bq h -1 in the beginning of April. The release rate of 137 Cs had a similar trend with fluctuations of the 131 I/ 137 Cs radioactivity ratio in the range from 1 to 100. The total amounts of 131 I and 137 Cs discharged into the On March 15, at the RIKEN Wako Institute, Wako, Japan, located about 220 km to the southwest of FDNPP, we observed a rapid increase of the effective dose rate from usual ~0.03 µSv h -1 at 4:00 to 1.2 µSv h -1 at 10:00. Hence, we initiated urgent measurement of airborne radionuclides by γ-ray spectrometry with a germanium detector. In this paper, we present the results of the radioactivity measurement of airborne 140 March 15, 2011 to March 16, 2012 . The present data, together with the measurements from other monitoring stations, will provide further information on the characteristics of the FDNPP accident such as damages of the nuclear reactor, fuel condition, release and transport of radionuclides. For example, the Tokyo metropolitan area extends between Wako and Chiba, and the monitoring results at Chiba were available from Japan Chemical Analysis Center (JCAC) (latitude 35°39′41″ north and longitude 140°8′12″ east), located about 220 km to the south-southwest of FDNPP (Amano et al., 2012; Nagaoka et al., 2012) , and those results would offer rough estimation of the airborne radioactivity in the area.
MEASUREMENT TECHNIQUES
Air dust was collected using a commercially available low-volume air dust sampler (M&F Enterprise SP-30) placed on the roof of the Nishina building of the RIKEN Wako Institute, Wako, Japan (latitude 35°46′44″ north and longitude 139°36′54″ east, 4.3 m above ground). The sampling flow rate was regulated to 30 L min -1 during the air dust collection. A cellulose glass-fiber filter (ADVANTEC HE-40T) was used, and the linear air velocity of the air sampler was 40 cm s -1 . The collection efficiencies of the filter are reported to be 99.7%, 99.8%, and 99.9% for polystyrene latex particles of 0.31-µm diameter at the air velocities of 55, 80, and 135 cm s -1 , respectively, by the manufacturer. No activated carbon filter was used; hence, our measurements were only sensitive to radionuclides attached to particle matter and were not sensitive to gaseous iodine. The exact collection periods are listed for each filter sample in Supplementary Materials, Table A1 . Dust was collected for 30 min for the first two samples in the periods and . After the third sample from March 16 18:32 to March 17 9:00 (F03), dust was continuously collected for about one year (F04-F86), except for short interruptions due to the filter change and the cleaning of the sample holder. The filter samples were subjected to γ-ray spectrometry using a Ge detector with a relative efficiency of 40% (ORTEC GEM-40190). The detector exhibited an energy resolution of 1.9 keV full width at half maximum (FWHM) at 1332.5 keV. The detector was placed in an underground laboratory of the Nishina Building (14.5 m below ground), and was surrounded with 150-mm lead, so that the effective shielding of cosmic-rays enabled us to reduce the background in the γ-ray spectrometry. The detector efficiency was calibrated with an accuracy of 2-10% using a multiple γ-ray standard source ( Cs source was also used to correct for the coincidence summing for radioactivity determinations of 134g Cs. The ambient effective dose rate at the Nishina Building was continuously monitored with a sodium iodide (NaI) scintillation detector system (Hitachi Aloka Medical, MAR-R17-2483-1R1) at a height of 1.5 m above ground level. The amount of rainfall was also automatically registered with a tipping-bucket rain gauge (Ogasawara Keiki, RS-102-N1) in the same campus. Tc, 99 Mo, and 95g Nb were identified based on their characteristic γ-ray energies and half-lives (Firestone and Shirley, 1996; Browne and Firestone, 1986) as listed in Table 1 . Figure 1 shows a typical γ-ray spectrum of the sample collected in the period of March 29 9:40-March 30 11:15 (F16). The filter sample was measured for 35866 s, starting at 1353 s after the end of the air dust sampling. In Fig. 1 (Devell et al., 1986; Arvela et al., 1990) , were below the detection limits in the course of our measurements, though Kanai (2012) Nb. The half-lives, γ-ray energies and abundances used in the radioactivity calculation are listed in Table 1 . We first obtained count rates in the photopeak energy region of interest with the Covell method (Covell, 1959) . We corrected the count rates for decays between the end of the air dust collection and the start of the counting and during the counting period, using the half-life values in Table 1, to obtain the radioactivity concentrations at the end of the sampling. We did not add corrections for decays during the sample collection, because the time structure of the arrival of the radioactive atoms were unknown. The radioactivity concentrations thus obtained are listed in unit of mBq m -3 in Table A1 of Supplementary Materials. The errors given in Table A1 include those from counting statistics and the detector efficiency calibration (2-10%). The systematic errors associated with the air volume measurements (<3%) are not included. For the cases in which the statistical significance of the extracted signal counts is less than 3σ, the values are listed in italic characters in Table A1 , suggesting the practical level of the detection limits with our counting setup.
RESULTS
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DISCUSSION
Radioactivity concentrations
The at the end of sampling as reference date. In Fig. 2 , we compare the radioactivity concentrations reported by Amano et al. (2012) at JCAC and by Kanai (2012) at GSJ. We corrected the reported radioactivity concentrations by Amano et al. (2012) for radioactive decays in the same manner as described above. Since the radioactivity concentrations at GSJ were reported at the time when aerosol sampling started (Kanai, 2012) , we corrected them to those at the end of sampling for better comparisons in Fig. 2 . Also noted is that the data of GSJ are for particulate (not gaseous) radionuclides in aerosols (Kanai, 2012) . The variations of the radioactivity concentrations are similar among RIKEN, JCAC, and GSJ, though the detailed comparisons are impossible because of the time differences in the sample collections. As shown in Fig. 2 , the highest radioactivity concentrations at RIKEN were observed for all nuclides for the sample collected in the period of March 15 11 (Amano et al., 2012) , and Geological Survey of Japan (GSJ), Tsukuba (Kanai, 2012 of radioiodine, however our measurements were only sensitive to radioiodine attached to particles. Amano et al. (2012) measured the ratios of gaseous iodine to total iodine to be 0.71 on March 15-16, 0.52 on March 20-21, and 0.68 on March 22-23 at JCAC, using a cellulose glassfiber filter in combination with an activated charcoal cartridge containing 10% triethylenediamine. As shown in Fig. 2 , the time variations of the radioactivity concentrations of 131 I are very similar between RIKEN and JCAC. Thus, the total atmospheric radioactivity concentrations of 131 I and probably 133g I at RIKEN are estimated to be factors of 2.1-3.4 higher than those measured only for particulate iodine in this work.
In Table A1 of Supplementary Materials, the radioactivity concentrations of 133g I decreased with time and became below the detection limits after March 22 (F08). The absence of the short-lived 133g I (T 1/2 = 20.8 h) immediately after the earthquake would indicate that nuclear fission reactions in FDNPP was stopped successfully at the time of the earthquake. The radioactivity concentrations of 99 Mo (T 1/2 = 65.94 h) and 132 Te (T 1/2 = 3.20 d), which also have relatively short half-lives, were below the detection limits after March 29 (F16) and April 3 (F21), respectively. After June 2 (F45), only 137 Cs and 134g Cs with long half-lives of T 1/2 = 30.07 y and T 1/2 = 2.0648 y, respectively, were detectable in the atmosphere in Wako. In January-March, 2012, the radioactivity concentrations of 137 Cs and 134g Cs decreased to 20-40 and 10-30 µBq m -3 , respectively. This concentration level of 137 Cs was still two orders of magnitude higher than those before the FDNPP accident (sub-µBq m -3 level in Tsukuba, Japan); 134 Cs had not been measured in the atmosphere since the end of the 1990s (Igarashi et al., 1999) .
Radioactivity ratios
The 137 Cs were calculated using the data whose statistical significances are higher than 3σ. The time variations of the radioactivity ratios are shown in Fig. 3 . In the figure, we fitted the ratios r(t) at time t with a simple exponential decay curve,
where λ 1 is a decay constant of the radionuclide of interest and λ 2 is the decay constant of 137 Cs. The ratios between the radionuclides of the identical element, 136g Cs/ 137 Cs and 134g Cs/ 137 Cs, are nicely described by this fit, indicating that the radiocaesium particles came from the same source. The 110m Ag/ 137 Cs ratio also follows the fit, though only two data points are available. The 134g Cs/ 137 Cs ratio has been often used as an indicator to distinguish between the fallout of a nuclear bomb and a power reactor, and further to trace their origins (Biegalski et al., 2012) . Our 134g Cs/ 137 Cs ratio is calculated to be 1.0 ± 0.1 for March 11, 2011, and this value is consistent with other observations (~1) related to the FDNPP accident (Diaz Leon et al., 2011; Masson et al., 2011; Kanai, 2012; Huh et al., 2012; Aoyama et al., 2012; Oura and Ebihara, 2012) . For comparison, this 134g Cs/ 137 Cs ratio is twice of that (~0.5) in the Chernobyl fallout in 1986 (Devell et al., 1986; Aoyama et al., 1987; Aoyama, 1988; Arvela et al., 1990 Cs ratios show large deviations from the fit, implying the different release and transport efficiencies from those of caesium. According to a preliminary estimation on the released radioactivity from FDNPP (Chino et al., 2011) 3.4 for the total atmospheric radioiodine as mentioned above, are almost the same as those at JCAC. The relatively high 131 I/ 137 Cs ratios at JCAC and RIKEN compared with those released from FDNPP (Chino et al., 2011) would be due to higher transport efficiencies of volatile radioiodine than those of radiocaesium. It is also interesting to find that the 131 I/ 137 Cs ratios are very small, 3.9 (F01), 2.4 (F07), and 0. 98-0.61 (F16-F17) , when the radioactivity concentrations show the maximums (see vertical dashed lines in Fig. 3 ). Figure 4 shows the time variation of the effective dose rate and the amount of rainfall measured at the RIKEN Wako Institute. On March 15, 2011, the effective dose rate increased from the usual value of ~0.03 µSv h -1 at 4:00 to the maximum of 1.2 µSv h -1 at 10:00, and decreased to 0.17 µSv h -1 at 12:00. During this peak, our first air dust sample (F01) was collected for 30 min at 11:15-11:45. The peak was followed by two separate peaks with the maximum dose rates of 0.49 and 0.25 µSv h -1 on March 15 at 19:00 and on March 16 at 4:00, respectively. At JCAC, Chiba, the first increase of the ambient dose rate was observed at the same time on March 15 at 4:00, and the maximum was 0.5 µGy h -1 at 15:00 (Nagaoka et al., 2012) ; the gray (Gy) is the SI equivalent of the air kerma. During this period, Nagaoka et al. (2012) (Nagaoka et al., 2012) . At RIKEN, Otsu et al. (2012) also conducted the in-situ γ-ray measurement with the Ge detector and found that the increase of the effective dose rate in the morning of March 16 correlated to the arrivals of radioxenon ( 133m Xe, 133g Xe, and 135 Xe). On March 20 at 21:00, the effective dose rate at RIKEN again started to increase, and reached to the broad peaks of 0.22 µSv h -1 on March 21 at 23:00, and further of 0.24 µSv h -1 on March 22 at 22:00. After these peaks, the effective dose rate decreased with time and became an almost stable value of ~0.08 µSv h -1 two months after the FDNPP accident. The rate of this decrease (T 1/2 = ~7 d) is very close to the half-life of 131 I (T 1/2 = 8.02070 d), indicating that 131 I was the main decreasing component in the effective dose rate. The effective dose rate at RIKEN was still ~0.06 µSv h -1 one year after the accident, and this value was about twice of that before the FDNPP accident (see a dashed line in Fig. 4) . The main constituents in the effective dose rate one year after the accident were 137 Cs and 134g Cs with long half-lives of T 1/2 = 30.07 y and T 1/2 = 2.0648 y, respectively. The accumulated effective dose at the RIKEN Wako Institute was estimated to be 0.65 mSv during a year from March 15, 2011 to March 15, 2012, including the exposure from natural background.
Effective dose rate and amount of rainfall
The first rainfall after the FDNPP accident was observed on March 21 at 7:00 at the RIKEN Wako Institute. With this rainfall, the effective dose rate rapidly increased as shown in Fig. 4 . The atmospheric radioactivity concentrations in showed the prominent peak in Fig. 2 . This was probably caused by the washout and concentration of airborne radionuclides by the rain. Another peak of the radioactivity concentrations on March 29-31 (F16 and F17) did not correlate well with the effective dose rate as well as the rainfall. Thus, the environmental radioactive contamination in the Wako area occurred mainly on March 21, 2011 by the first rainfall after the accident. Nb. The radioactivity concentrations of the shortlived 133g I decreased with time and immediately became under the detection limits after March 22, 2011, probably indicating that nuclear fission reactions in FDNPP was successfully stopped at the time of the earthquake. The 134g Cs/ 137 Cs radioactivity ratio was determined to be 1.0 ± 0.1 for March 11, 2011, and this value was similar to values measured elsewhere for the FDNPP accident. The environmental radioactive contamination in Wako occurred mainly on March 21, 2011, due to the first rainfall after the accident. After a year, the increased effective dose rate in Wako (~0.06 µSv h -1 ) was still twice of that before the accident. Our data, together with the measurements from other monitoring stations around the world, will hopefully provide information on the characteristics of the FDNPP accident such as damages of the nuclear reactor, fuel condition, release mechanisms of radionuclides, and their transport throughout the world.
CONCLUSIONS
